Red clover (Trifolium pratense L.) is a legume forage abundant in phenolic compounds. It tends to brown when cut for hay, due to oxidation of phenolic compounds catalyzed by polyphenol oxidase (PPO), and subsequent binding to proteins. Selecting for a greener hay may provide information about the relationship of browning, PPO, and phenolics to each other. The red clover Kenland cultivar was selected over eight breeding cycles for decreased browning after being cut and dried 48 h in the field. Expression of PPO1 and PPO3, in Kenland and three of the eight cycles, was compared by real-time quantitative PCR. Phenolic compounds in Kenland and Cycle 8, collected 0, 24, and 48 h after cutting, were quantified by high-performance liquid chromatography (HPLC). Visual browning scores decreased 12% between Kenland and Cycle 8 (P = 0.02). PPO1 and PPO3 gene expression were not affected by selection. Clovamide decreased 26% in Cycle 8 relative to Kenland (P = 0.016). Sissotrin decreased 10% in Cycle 8 (P = 0.043). Neither total formononetin nor total biochanin A was affected by selection (P = 0.63 and 0.45, respectively). These results suggest that when selecting clover for decreased postharvest browning, a decrease occurs in a phenolic compound that can bind protein independently of PPO. However, PPO1 and PPO3 gene expression, and the major red clover isoflavones, are minimally affected.
Introduction
Red clover (Trifolium pratense L.) is a legume that is widely grown in the United States as a forage crop [1] . It contains a variety of soluble phenolic compounds, including phenolic acids, phenolic acid esters, flavonoids, and isoflavonoids [2] . Among about 20 red clover isoflavonoids [3] , the most abundant are biochanin A and formononetin (Figure 1(a) ), with genistein and daidzein occurring at 5 to 10% of the concentrations of biochanin A and formononetin [4] . These latter two compounds are present primarily as malonylglucosides (Figure 1(b) ) in planta [5] - [7] . Two dominant caffeic acid derivatives are phaselic acid and clovamide (Figure 1(c) ) [8] - [10] . These are o-diphenols (compounds with hydroxy groups ortho to each other on the benzene ring).
These secondary metabolites have various effects on ruminant health. Formononetin has been linked to decreased fertility in sheep [11] . In ovine [12] and bovine [13] rumen fluid, it is converted into daidzein and then into equol, which may be the molecule primarily responsible for ovine reproductive disorders [14] . Equol and p-ethylphenol, a metabolite of biochanin A, have been linked to decreased bovine reproduction [15] . However, biochanin A may improve assimilation of protein, due to its ability to inhibit bovine [16] and caprine [17] ru- 
minal hyper ammonia-producing bacteria (HAB) in vitro.
Phaselic acid and clovamide provide another mechanism for decreasing protein losses in the rumen. Studies have revealed a positive correlation between low rates of red clover proteolysis and the presence of both o-diphenols and polyphenol oxidase (PPO) [18] [19] . In intact plant cells, phenolic compounds are stored in the vacuole, while PPO is located in the plastid [20] . Wounding (e.g. mowing) or cell death disrupt cell walls and organelle membranes, leading to reactions between normally isolated molecules [20] . PPO catalyzes the oxidation of compounds with an o-diphenol moiety to o-quinones, which then react non-enzymatically with amino acids to form brown protein-phenolic complexes [21] . Phaselic acid is a PPO substrate, while clovamide can bind to proteins in the presence or absence of PPO [8] [9] .
The abovementioned browning that follows wounding or cell death, and that is often observed in harvested red clover [22] , is probably due in part to the brown protein-phenolic complexes formed upon tissue damage. Other contributing factors may be the color of oxidized phenolics alone, or of polymers of those oxidation products [23] [24] . The relationship between browning, concentration or activity of PPO, and amount of available soluble phenolic substrates is complex [22] , and selection for decreased post-harvest browning could clarify this relationship. Greater retention of green color after harvest could be due to decreased PPO activity, possibly with parallel decrease in gene expression. Postharvest retention of green color could also imply a decrease in phenolic PPO substrates, with lower overall concentrations or with a relative increase in the phenolic compounds lacking the o-diphenol moiety (e.g. the major red clover isoflavones). Jones et al. [22] found no relationship between browning and concentrations of total soluble phenolics but suggested that specific phenolic compounds might be implicated in the relationship. Browning of extracts of fresh tissue is linked to the expression of PPO and phenolic PPO substrates [25] , but browning due to curing in the field has not been linked to PPO and phenolics. Selection for decreased postharvest browning could have some commercial value because of the visual appeal of green hay to some animal producers. This appeal is not completely unfounded because in timothy, greener color has been correlated with greater protein content, although rumen degradability was not measured [26] . The following study was undertaken to analyze the phenolic profiles and PPO gene expression of Kenland red clover selected over eight breeding cycles for decreased browning after cutting, in a manner intended to simulate the browning that might occur in cut forage being cured for hay.
Materials and Methods

Selection for Decreased Browning and Evaluation of Multiple Cycles
The selection process was directed from 1995 to 2010. About 1500 to 3000 spaced red clover plants were grown at the University of Kentucky Spindletop Research Farm Lexington, KY, USA (38˚10'N, 84˚49'W). In 1995, selections were made from the Kenland variety. A few shoots of each plant were cut near the base. Plants whose cuttings appeared less brown than others after 48 to 72 h of curing (5% to 8% of the total number of spaced plants) were retained and allowed to intercross. The seed from this selection cycle was sown the following year, and the process of cutting, marking the least brown plants after 48 to 72 h, and saving seed was repeated. At the time of this study, eight selection cycles had taken place. The final number of cycles in 2010 was thirteen, due to losses in a couple of years.
For comparison of browning, PPO expression, and phenolic profiles among the eight selection cycles, seed from those cycles, plus the original Kenland cultivar, were planted in a randomized block design with four replicates. Each replicate consisted of nine rows, ~2 m long, for Kenland and the eight cycles. Clover seed was sown on 16 
Assessment of Changes in Browning
Cut clover was scored for browning on a scale of 1 to 9 (1 = green, and 9 = very dark brown/black). Visual assessments were made 24, 48, and 72 h after cutting, although color changes at 24 h were sometimes not pronounced enough to observe any differences among selections. In 2005, the 24-and 48-h scores from the June harvest were evaluated by analysis of variance (ANOVA) using the GLM procedure from SAS (Cary, NC, USA).
PPO RNA Extraction and Gene Expression Analysis
Total RNA from Kenland and selection cycles 1, 7, and 8 was isolated from 100 mg of leaf sample in 1mL of TRIzol reagent (Invitrogen™, Life Technologies, Carlsbad, CA). The total RNA isolated was purified by running the samples through Qiagen columns (RNeasy Plant Mini Kit, Qiagen Inc., Valencia, CA) combined with an on-column DNase digestion (RNase-Free DNase set, Qiagen Inc., Valencia, CA) to ensure DNA-free RNA preparations. RNA was extracted from two biological replicates of each cycle in this manner. Expression levels of the clover PPO1 and PPO3 genes, which are expressed in leaves [25] , were monitored by quantitative realtime reverse transcription PCR (qRT-PCR) using SYBR Green I [27] . Real-time PCR quantification was performed by designing specific oligonucleotide primers for the following genes, using PrimerQuest Polymerase chain reactions were carried out in an iCycler TM iQ detection system (Bio-Rad Laboratories, Hercules, CA) using SYBR Green I to monitor dsDNA synthesis. For negative controls, the cDNA samples of the same treatments and DNase treated minus RT controls were used. Real-time PCR amplification was performed in a total volume of 20 µl reaction mixture containing 1 µl of cDNA gene specific primers, SYBR Green I (Molecular Probes, Eugene, OR) and Platinum Taq DNA polymerase (Invitrogen, Life technologies, Carlsbad, CA). Each sample was loaded in triplicate and the experiments were repeated twice using the following thermal cycling program conditions: initial denaturation for 2 min at 95˚C, 95˚C 30 s, 55˚C 30 s and 72˚C 30 s for 35 cycles followed by 5 min extension at 72˚C. In order to compare the transcript levels of a gene from different samples, the values were normalized relative to transcripts of α-tubulin, which is assumed to be at a constant level in all the samples. Melt curve analysis was done to characterize the gene-specific dsDNA product by slowly raising the temperature (0.2˚C/10s) from 60˚C to 95˚C with fluorescence data collected at 0.2˚C intervals [28] . A sample of the PCR products was sequenced to verify the correct amplification.
Reagents and Chemicals
Methanol (HPLC grade) was purchased from EMD Chemicals (Gibbstown, NJ, USA). Ethyl ether, caffeic acid, chlorogenic acid, and catechol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethyl acetate, acetic acid, hydrochloric acid, and magnesium sulfate were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Formononetin and biochanin A were purchased from both Sigma-Aldrich and Indofine Chemical (Hillsboro, NJ, USA). Sissotrin (biochanin A 7-O-glucoside), ononin (formononetin 7-O-glucoside), genistein, and daidzein were purchased from Indofine. Clovamide (caffeoyl-DOPA, or N-[3',4'-dihydroxy-(E)-cinnamoyl]-3-hydroxy-L-tyrosine) was purchased from Santa Cruz Biotechnology Company (Santa Cruz, CA, USA). Phaselic acid and p-coumaroyl malate were a kind gift from Drs. Wayne Zeller and Paul Schatz (USDA-ARS Dairy Forage Research Center, Madison, WI, USA). The synthesis of phaselic acid has been described by Zeller [29] , and the synthesis of p-coumaroyl malate has been described by Sullivan and Zarnowski [30] . 
Extractions of Phenolic Compounds from Red Clover Tissue
Separation of Phenolic Compounds by High-Performance Liquid Chromatography (HPLC)
Phenolic extracts were resuspended in 1.0 mL MeOH, and an aliquot was diluted 5-fold in a MeOH-acetic acid solution so that the final solvent ratio was MeOH-water-acetic acid (60:39.6:0.35, v/v/v). Dilutions (15 µL) were injected onto a 4.6 × 250 mm C 18 column (LiChrospher RP-18 adsorbent from EMD Chemicals; packed by Grace Davison Discovery Sciences, Deerfield, IL, USA) on an Agilent (Santa Clara, CA) model 1100 HPLC. Separation was done at 28˚C and a flow of 0.8 mL/min, using the method of Kagan and Flythe [31] . Absorbance, on a single-wavelength detector, was monitored at 270 nm.
Identification and Quantification of Phenolic Compounds
Phaselic acid, clovamide, and p-coumaroyl malate were identified initially by spiking extracts with standards of those compounds and verifying the coelution of sample peaks with the standards. The same was done to identify formononetin, ononin, biochanin A, and sissotrin. Subsequently, these compounds were identified by comparing retention times of peaks in extracts to the retention times of standards. Consistency of retention times was verified by injecting standards of clovamide, biochanin A, genistein, daidzein, and formononetin with every HPLC run. Phaselic acid, sissotrin, and ononin, due to scarcity, were not injected regularly, but peaks were identifiable because of minimal shifts in retention time (standard deviation of 0.1 to 0.4 min for 11 compounds identified in 96 injections). Formononetin glucoside malonate (peak G, Figure 2 ) and biochanin A glucoside malonate (peak I, Figure 2 ) were identified by hydrolyzing extracts under conditions based on the methods of de Rijke et al. [6] . Extracts (0.7 mL), diluted in the proportions of MeOH, water, and acetic acid used for HPLC, were heated 75 min at 80˚C -87˚C. Increases in the concentrations of sissotrin and ononin were compared to decreases in the concentrations of the corresponding malonylglucoside peaks, to verify that changes in the glucosides and malonylglucosides were of a similar magnitude. Genistein and daidzein were not found in extracts when standards were coinjected in a preliminary study. In addition to injections of standards to verify retention times, calibration curves of biochanin A and caffeic acid were run during each period of regular sample injection in order to quantify compounds. Phaselic acid, p-coumaroyl malate, and clovamide were quantified as equivalents of caffeic acid, and isoflavonoids were quantified as equivalents of biochanin A. Over a 13-month period, three standard curves of biochanin A and caffeic acid had slopes with relative standard deviations of 2.1% for biochanin A, and 4.3% for caffeic acid.
Besides the isoflavonoids identified by malonylglucoside hydrolysis or comparison of retention times to those of standards, two unidentified peaks (D and E, Figure 2 ) were quantified as isoflavones based on the spectra generated by a photodiode array detector (model PDA-100) on a Summit HPLC (Dionex, Bannockburn, IL, USA). Isoflavone spectra are characterized by an absorbance maximum at 240 -280 nm, and a minor absorbance maximum at 300 -380 nm [32] .
Statistical Analysis of Differences in Phenolic Profiles
Peaks on the 96 HPLC chromatograms were aligned with the peaks having the closest retention time, shape, and most similar neighboring peaks. Eleven compounds (indicated by uppercase letters on Figure 2 ) were chosen for analysis based on size, resolution, and known relationship to browning, PPO, or phytoestrogenic activity. Minor shoulder peaks, or the smallest unidentifiable peaks, were not analyzed because very small or poorly- resolved peaks, or shoulder peaks, were less likely to be reproducibly quantifiable. Concentrations of the 11 selected compounds were analyzed with JMP version 10 (SAS Institute, Cary, NC, USA), using analysis of variance (ANOVA) and a full factorial analysis of the effects of year (2004 or 2005), selection cycle (0 or 8), and collection time (0, 24, or 48 hours after cutting). Where significant (P < 0.05) differences were found, Student's t-tests were used to compare phenolic concentrations.
Results
Visual Browning Scores of Selection Cycles
Differences among selections were generally difficult to see, but the analysis of selection cycle vs. browning score indicated a slight overall decrease in browning. Least squares means of the ratings for each selection indicated a fairly steady decrease in browning score between Kenland (6.5) and cycle 3 (5.4). However, cycles 4 and 5 appeared slightly more brown (scores of 5.5 and 6.1, respectively); and after a decrease in browning in cycles 6 and 7 (4.8 and 4.6, respectively), a slight increase was observed in cycle 8 (score of 5.4). The overall trend in I. A. Kagan et al. 1484 rating was towards a decrease (P = 0.023) in a manner modeled by Equation (1) 
Effects of Selection on PPO Gene Transcript Abundance in Kenland and Three Selection Cycles
Comparisons in gene expression were done between the early selection cycles (cycle 0, or Kenland, and cycle 1) and later cycles (cycle 7 and cycle 8). No significant differences were observed in the expression of the clover PPO genes from early to later selection cycles (Figure 3 ).
Effect of Selection on Red Clover Phenolic Profiles and Concentrations
The fingerprint of phenolic compounds did not change among samples. Concentrations changed, but no appearance or disappearance of compounds was observed. A main effect of selection for decreased browning was observed for the concentrations of clovamide (P = 0.016) and sissotrin (P = 0.043). When averaged across all collection times and harvests, clovamide concentrations were 27% less in Cycle 8 (4.7 ± 0.4 micromole per gram dry weight, µmol/gdw) than in Cycle 0 (6.4 ± 0.4 µmol/gdw), and biochanin A glucoside (sissotrin) concentrations were 10% less in Cycle 8 (1.8 ± 0.1 µmol/gdw) than in Cycle 0 (2.0 ± 0.1 µmol/gdw). No effects of selection cycle were observed for concentrations of total phenolics (P = 0.72, determined by summing concentrations of the 11 analyzed phenolic compounds), total formononetin as the sum of the aglycone and glycosides (P = 0.63), or total biochanin A as the sum of the aglycone and glycosides (P = 0.45).
Effects of Year or Curing Time on Red Clover Phenolic Profiles and Concentrations
In 2004, pronounced changes in the concentrations of some phenolic compounds were observable over a 48-h drying/curing period (Figure 2) . These changes included a decrease in phaselic acid and clovamide (peaks A and B, respectively; Figure 2) . Decreases in the malonylglucosides of formononetin (peak G) and biochanin A (peak I), and sharp increases in the aglycones of formononetin (peak J) and biochanin A (peak K), were also observable. A main effect of curing time ( Table 1 ) was observed for p-coumaroyl malate, isoflavones D and E, sissotrin (biochanin A glucoside), total phenolics, and total formononetin and biochanin A (sum of the aglycone, glucoside, and malonylglucoside). All decreased from cutting time to 48 h later. A main effect of harvest year was observed for p-coumaroyl malate and sissotrin. The former increased (P < 0.0001) by 70% in 2005 (from 0.48 to 0.83 µmol/gdw), and the latter increased (P < 0.001) by 40% in 2005 (from 1.6 to 2.2 µmol/gdw).
An interaction of harvest year with curing time was observed for phaselic acid, clovamide, ononin, formononetin, biochanin A, and the malonylglucosides of formononetin and biochanin A ( Table 2 ). In 2005, no change in concentration over time was measured in formononetin, biochanin A, clovamide, or ononin. In contrast, in 2004, concentrations of these compounds changed between 0 and 24 h after cutting, and in clovamide and ononin, changes also were measured between 24 and 48 h after cutting ( Table 2) . Phaselic acid, formononetin malonylglucoside, and biochanin A malonylglucoside decreased between 0 and 24 h after cutting in 2004, but in 2005, a decrease occurred only between 24 and 48 h after cutting.
Discussion
Analysis of visual browning scores (Equation (1)) demonstrated that the eight cycles of selection had led to a red clover line that browned slightly less than the original Kenland during a 48-h curing period, and that another four to eight selection cycles would be necessary to obtain clover with a browning score less than intermediate. These results demonstrate the difficulty of selecting for decreased browning entirely by visual evaluation.
The small magnitude of change in browning over eight selection cycles may partially explain why no changes in PPO1 or PPO3 gene expression were observed among cycles (Figure 3) . It is also possible that measurement of enzyme activity would have revealed changes not revealed by gene expression analysis. However, monitoring expression of PPO1 and PPO3 may not have adequately captured PPO variation among selection cycles because it is now known that red clover has about six PPO genes [33] . The PPO4 gene, which was identified by Winters et al. [33] , was expressed more strongly than PPO1 in mature leaves of red clover [10] . Given the maturity of the red clover at harvest, it is possible that PPO4 expression would have been stronger than PPO1 or PPO3 expression, and more responsive to selection for decreased browning.
The small magnitude of change in browning may also partially explain why only clovamide and sissotrin concentrations were affected by selection. However, given the lack of change in PPO1 gene expression, the observed decrease in clovamide, which can bind to proteins in the presence or absence of PPO1 [9] , may indicate that decreased browning has the greatest effect on concentrations of phenolics that can bind protein independently of PPO1 activity. Dependence on PPO4 activity cannot be ruled out because PPO4 can utilize clovamide as a substrate [10] . Potential effects of a decrease in sissotrin (biochanin A glucoside) are difficult to assess because total biochanin A did not decrease in Cycle 8.
The effects of the 48-h curing period on phenolic concentrations, averaged across cycles 0 and 8, reflect the processes of oxidation, proteolysis, and loss of cellular integrity expected in wounded and dying plant tissue. The decrease in p-coumaroyl malate over time ( Table 1) could be due to binding to proteins, because p-coumaroyl malate can inhibit proteolysis in alfalfa extracts, although the mechanism does not involve PPO or oxidation [9] . The observed decreases in isoflavones D, E, sissotrin, and total formononetin and biochanin A, may also indicate non-PPO-mediated binding to protein because formononetin and biochanin A lack an o-diphenol moiety, as do the majority of the red clover isoflavones [3] . The decreases observed over 48 h in phaselic acid and clovamide in 2004 ( Table 2 ) suggest binding of PPO-oxidized diphenols to proteins. A feeding study utilizing freshly cut and conditioned (chopped and collected after 1 h) red clover demonstrated that protein-bound phenolics increased in conditioned red clover, concomitantly with a 10-fold decrease in phaselic acid and disappearance of clovamide [34] . In our study, the trend towards decreased phaselic acid and clovamide over time were affected by sampling year, with no change in clovamide in 2005, and a more gradual decrease in phaselic acid in 2005 than in 2004 ( Table 2) . This difference between years may be due to variations in mean temperatures. Lower temperatures during the May 2005 harvest might have led to slower disintegration of cells and consequently a decrease in the concentrations of o-diphenols available to react with PPO. Decreases in the malonylglucosides of formononetin and biochanin A were observed over the 48-h curing period ( Table 2) . The malonylglucosides and glucosides of formononetin and biochanin A are readily hydrolyzed to the aglycones, due to the presence of glucosidases in plant tissue [7] . A decrease in formononetin glucoside (ononin), and increases in formononetin and biochanin A aglycones over 48 h, presumably due to hydrolysis of glycosides, were observed in 2004, but not in 2005 ( Table 2 ). This discrepancy may be due to the temperature differences between the two years, as mentioned for phaselic acid and clovamide.
A key attribute of red clover in ruminant nutrition is a relatively low rate of protein degradation. Red clover lacks tannins, high-molecular-weight polymers of flavonoids or phenolic acids that bind protein and other macromolecules [35] . However, more protein escaped in vitro ruminal degradation in red clover than in other nontannin-containing legumes like alfalfa (Medicago sativa) and cicer milkvetch (Astragalus cicer), and more than in two low-tannin cultivars of birdsfoot trefoil (Lotus corniculatus) [36] . Some feeding trials have demonstrated superior nitrogen use efficiency [37] or average daily gains [38] on red clover compared to other legume forages like alfalfa, although results have been variable [39] . The extent of ruminal red clover protein degradation may depend partly on environment [40] or genetics [41] . It is uncertain if a decrease in clovamide concentrations would significantly increase the rumen degradability of protein in the Cycle 8 selection. Phaselic acid was unchanged, and because total biochanin A was not affected by selection for decreased browning, protection from ruminal HAB would still be effective. In terms of other ruminant health aspects, a lack of change in total biochanin A and total formononetin indicates that estrogenic effects would be unlikely to increase in the Cycle 8 selection. Future work may involve analysis of later selection cycles to determine if those cycles reveal more pronounced changes in PPO gene expression and phenolic concentrations.
